The crystal structure of the lanthanum titanium bismuthide La 3 TiBi 5 (Pearson code hP18, Wyckoff sequence b d g2) has been established from single-crystal X-ray diffraction data and analyzed in detail using first-principles calculations. There are no anomalies pertaining to the atomic displacement parameter of the Ti site, previously reported based on a powder X-ray diffraction analysis of this compound. The anionic substructure contains columns of face-sharing TiBi 6 octahedra and linear Bi chains. Due to a significant La(5d) and Bi(6p) orbital mixing, a perfectly one-dimensional character of the Bi chains is not realised, while a three-dimensional electronic structure is established instead. The latter fact explains the stability of the polyanionic pnictide units against Peierls distortions. The hypervalent bonding in the Bi chains is reflected in a rather long Bi-Bi distance of 3.2264 (4) Å and a typical pattern of bonding and antibonding interactions, as revealed by electronic structure calculations. research papers Acta Cryst. (2018). C74, 618-622 Ovchinnikov and Bobev La 3 TiBi 5 from single-crystal X-ray diffraction 619 research papers Acta Cryst. (2018). C74, 618-622 Ovchinnikov and Bobev La 3 TiBi 5 from single-crystal X-ray diffraction 621 research papers 622 Ovchinnikov and Bobev La 3 TiBi 5 from single-crystal X-ray diffraction Acta Cryst. (2018). C74, 618-622
Introduction
Hypervalent bonding in solids is a topic that has attracted a lot of attention (Papoian & Hoffmann, 2000) . As discussed in the cited review, such multicenter interactions are frequently observed in 'electron-rich' intermetallic compounds, where extended polyanionic structures are formed. In particular, this kind of bonding is often present in metal pnictides (Pn = pnictogen = P, As, Sb, and Bi hereafter), the structures of which are known to have different types of polyanions, such as trimeric Pn 3 7À units (Pn) (Vaughey & Corbett, 1996; Kauzlarich et al., 1991; Brown et al., 2006; Kuromoto et al., 1992; Ovchinnikov et al., 2017) , one-dimensional chains (Mü ller, 1977; Bolloré et al., 1995; Ferguson et al., 1997; Papoian & Hoffmann, 2001; Moore et al., 2002; Tkachuk et al., 2006; Mar et al., 2006) , ribbons (Papoian & Hoffmann, 1998 , 2001 , two-dimensional sheets (Papoian & Hoffmann, 1998 , and three-dimensional clusters or frameworks (Dashjav et al., 2002) .
Extended structures showing metallic behavior (i.e. an excess of valence electrons) and boasting hypervalent Pn motifs, such as one-dimensional chains or planar two-dimensional square layers, are subject to Peierls distortions in general. Such structural distortions lower the local symmetry and lead to alternation of the chemical bonds. The energy gain associated with Peierls distortions increases with increasing sp orbital mixing on the pnictogen atom, i.e. it will be much larger for N than for Sb or Bi (Papoian & Hoffmann, 2000) . As a result, undistorted one-dimensional chains are not observed in nitrides, but can be found for the heavier congeners, provided that packing effects or other stabilizing factors are ISSN 2053 ISSN -2296 # 2018 International Union of Crystallography present. Since the occurrence of structural distortions directly affects the anisotropy of the chemical bonding, the electronic stability of the anionic sublattice is related to the physical properties and may have implications for the development of thermoelectric materials or superconductors (Ovchinnikov & Bobev, 2018a; Tamura et al., 2017) .
Recently, new rare-earth bismuthides with the composition La 3 MBi 5 (M = Ti, Zr, and Hf) have been reported (Murakami et al., 2017) . The series RE 3 MnBi 5 (RE = La-Nd) has also been structurally characterized (Zelinska & Mar, 2008) . La 3 MBi 5 for M = Mg and Sc have also been reported (Pan et al., 2006a,b) . The crystal structures of these compounds and the isotypic antimonides RE 3 MSb 5 (RE = La, Ce, Pr, Nd, Sm, and U; M = Ti, V, Cr, Mn, Zr, Hf, and Nb) (Bolloré et al., 1995; Brylak & Jeitschko, 1994; Ferguson et al., 1997; Mar et al., 2006; Moore et al., 2002; Tkachuk et al., 2006) , bear undistorted linear Bi or Sb chains with hypervalent Bi-Bi or Sb-Sb bonding.
Of particular relevance to this paper are the bismuthides La 3 MBi 5 (M = Ti, Zr, and Hf), which show metallic behavior with no phase transitions down to 1.85 K (Murakami et al., 2017) . The structural work has been carried out on polycrystalline samples, and one can notice that the Reitveld refinement for La 3 TiBi 5 , although of very high quality and converging to low residual factors (Murakami et al., 2017) , leads to a small ambiguity. Namely, an unusually large isotropic displacement parameter of the Ti atom is reported, while the other refined structures, those of La 3 ZrBi 5 and La 3 HfBi 5 show no such anomalies at the transition metal site.
We report here the synthesis of high-quality La 3 TiBi 5 single crystals and a redetermination of the crystal structure of this compound from single-crystal X-ray diffraction data. Our results confirm the presence of undistorted linear Bi chains and provide unambiguous anisotropic displacement parameters for all atoms in the structure.
Experimental

Synthesis and crystallization
All weighing and loading operations were performed in an argon-filled glove-box. A mixture of La, Ti, and Bi (all with purity > 99.9 wt%), with the nominal composition La:Ti:Bi = 1:1:10, was placed in an alumina crucible topped with a piece of quartz wool. The crucible was sealed in an evacuated fusedsilica tube and heated to 1273 K at a rate of 200 K h À1 . After homogenization at this temperature for 48 h, the reaction mixture was cooled to 773 K and the excess of molten Bi was removed by flipping over the quartz tube and spinning it in a centrifuge. After opening the tube in the glove-box, rod-like crystals with dimensions of up to 1.5 mm were extracted mechanically from the crucible.
A powder X-ray diffraction (PXRD) study of the ground crystals was performed on a Rigaku Miniflex diffractometer (Cu K radiation, = 1.5418 Å ) operating inside a nitrogenfilled glove-box in a Â-Â scan mode with a step size of 0.05 and a 2 s per step acquisition time. According to the PXRD analysis, the crystals were revealed to be the recently reported La 3 TiBi 5 phase (Murakami et al., 2017) . Since its crystal structure was originally refined from PXRD data and showed an anomaly of the Ti displacement parameter, we conducted a more accurate single-crystal X-ray diffraction investigation.
Refinement
Crystal data, data collection and structure refinement details are summarized in Table 1 . A single crystal of suitable dimensions was cut from a larger single crystalline La 3 TiBi 5 rod under dry Paratone-N oil and mounted on a low-background plastic loop. Atomic coordinates were standardized with the STRUCTURE TIDY program (Gelato & Parthé, 1987) .
Results and discussion
Preliminary analysis of the single-crystal X-ray diffraction data showed that the highest symmetry consistent with the reflection intensities was hexagonal. Systematic extinctions pointed towards one of the three possible space groups P6 3 cm, P6c2, and P6 3 /mcm. Since the intensity statistics strongly indicated a centrosymmetric group (<|E 2 À 1|> = 0.994), P6 3 /mcm was chosen for subsequent structure determination. The structure solution and refinement were straightforward. Direct methods provided the positions of all the atoms, and the final anisotropic refinement converged smoothly to low residuals. As mentioned already, in contrast to the powder diffraction analysis of Murakami et al. (2017), our single- 
1.27, À1.10 crystal work does not yield any anomalies of the anisotropic displacement parameters (ADPs). In fact, all the atoms display comparable ADPs and the shape of the displacement ellipsoids is nearly spherical for all the sites (Fig. 1) . The crystal structure of La 3 TiBi 5 is shown in Fig. 1 . La 3 TiBi 5 crystallizes in the anti-Hf 5 Sn 3 Cu type (ordered Ga 4 Ti 5 type; Rieger et al., 1965) . The anionic substructure is represented by two kinds of one-dimensional building blocks running along the c direction -columns of face-sharing TiBi 6 octahedra and linear Bi chains. The interatomic Ti-Bi distance of 2.9384 (5) Å is close to the value obtained by Murakami et al. (2017) from powder X-ray diffraction data and lies within the typical range of Ti-Bi bond lengths (Richter & Jeitschko, 1997; Watanabe & Yamane, 2016; Ovchinnikov & Bobev, 2018b) . The TiBi 6 octahedra are slightly compressed along c as indicated by the angle of 92.75 (1) for Bi1 x -Ti-Bi1 and 87.26 (1) for Bi1 xii -Ti-Bi1 [symmetry codes: (x) Ày, x À y, z; (xii) x À y, x, Àz]. Since the electrostatic repulsion between the cationic centers of adjacent octahedra would rather lead to elongation of the octahedra along the stacking direction, a bonding interaction between the Ti atoms must be present in La 3 TiBi 5 . The shortest Ti-Ti distance of 3.2264 (4) Å (= c/2) is longer than the interatomic spacing in elemental titanium, as was already noted by Murakami et al. (2017) , who considered any metal-metal bonding improbable. Our first-principles calculations (vide infra) show that despite the relatively long spatial separation, the Ti atoms display significant bonding interactions, which may explain the observed distortion of the TiBi 6 octahedra.
The linear Bi chains are made up of Bi2 atoms and exhibit rather long Bi-Bi contacts of 3.2264 (4) Å (= c/2), which are larger than the sum of the single-bonded atomic radii (r Bi ' 1.52 Å ; Pauling, 1960) . However, this distance appears to be on the shorter side of typical hypervalent Bi-Bi bonds (Kuromoto et al., 1992; Ovchinnikov et al., 2017; Ovchinnikov & Bobev, 2018a) . In particular, it is close to the homoatomic contacts in hypervalent Bi square sheets, e.g. in SrMnBi 2 (Cordier & Schä fer, 1977) and LaLiBi 2 (Pan et al., 2006b) . As was mentioned in the Introduction (x1), one-and twodimensional pnictide polyanions are often subject to Peierls distortions. The resultant breaking of the extended polyanionic structure leads to an opening of a bandgap and a crossover from a low-dimensional metal to a semiconductor. The research papers 620 Ovchinnikov and Bobev La 3 TiBi 5 from single-crystal X-ray diffraction Acta Cryst. (2018). C74, 618-622
Figure 1
The crystal structure of La 3 TiBi 5 . The La, Ti, and Bi atoms are shown in green, red, and blue, respectively. Displacement ellipsoids are drawn at the 90% probability level. One column of TiBi 6 face-sharing octahedra is shown in a polyhedral representation. tendency toward Peierls-type bond alternation is more prominent for the lighter pnictogens. Bonding to the adjacent metal atoms, packing effects or external pressure can stabilize undistorted metallic structures. In La 3 TiBi 5 , the absence of the linear Bi chain distortion is manifested by the constant interatomic separation and the almost spherical displacement ellipsoids of the Bi2 atoms.
To provide a better understanding of the factors stabilizing the crystal structure, we conducted first-principles calculations within the density functional theory framework using the tight-binding linear muffin-tin orbital method in the atomic sphere approximation (TB-LMTO-ASA; Jepsen & Andersen, 2000) . The exchange and correlation were treated in the local density approximation (von Barth & Hedin, 1972) . The Brillouin zone was sampled by a 12 Â 12 Â 18 k-point grid. Chemical bonding was studied employing the Crystal Orbital Hamilton Population (COHP) analysis. The electronic density of states (DOS) for La 3 TiBi 5 is shown in Fig. 2 (top) and is consistent with the previously reported calculations (Murakami et al., 2017) . The Fermi level (E F ) lies in the near vicinity of a peak in the DOS. The peculiarity of this peak stems from the fact that it is mainly composed of the La(5d), Ti(3d), and Bi1(6p) states, with only a small contribution from the Bi2(6p). The Bi2(6p) states show no sharp peaks near E F , indicating the absence of electronic instabilities, such as a tendency toward Peierls distortion. The strong hybridization of the Bi2(6p) and La(5d) states below E F lifts the perfect onedimensional character of the Bi2 chains and establishes a three-dimensional electronic behavior. Analysis of the chemical bonding by means of the COHP curves (Fig. 2,  middle) shows that the main bonding interactions come from the Bi-Ti and Bi-La bonds. The rather long Ti-Ti contacts (Fig. 2, bottom) also show predominantly bonding interactions below E F , resulting in a sizeable contribution to the overall stability. Similarly, strong bonding interaction were found for the Mn-Mn contacts in La 3 MnBi 5 (Zelinska & Mar, 2008) . Lastly, the Bi2-Bi2 interactions (Fig. 2, bottom) appear to show both bonding and antibonding character at E -E F < 0. Well below E F , the states are of bonding nature, whereas a domain of localized antibonding states is located just under E F . The Fermi level crosses a set of antibonding states, though since the Bi2(6p) contribution to the DOS at E F is low, only a small number of states are available in this region. The resulting Bi2-Bi2 interaction is of bonding type, as can be seen from the integral COHP at the Fermi level, though the bonding is underoptimized. Such a bonding picture appears to be typical for hypervalent interactions in metal pnictides, as follows from first-principles calculations for polyanionic units in antimonides and bismuthides (Papoian & Hoffmann, 2000; Ovchinnikov & Bobev, 2018a) .
In summary, we have prepared high-quality single crystals of La 3 TiBi 5 and reassessed its crystal structure from singlecrystal X-ray diffraction. Our analysis shows that the title compound displays no structural distortions or anomalies of the atomic displacement parameters, in contrast to the original report. The one-dimensional Bi chains are stable against Peierls distortion due to a three-dimensional character of the La 3 TiBi 5 electronic structure. The pattern of bonding and antibonding interactions for the Bi-Bi contacts along the chains resembles that for other pnictides with hypervalent bonding. Careful structural and first-principles analysis of other compounds with low-dimensional metallic substructures may help in the discovery of additional rules governing the occurrence of distortions in polyanionic units. Understanding of structural stability in metal pnictides is essential for designing new superconducting and thermoelectric materials. Data collection: SMART (Bruker, 2014) ; cell refinement: SAINT (Bruker, 2014) ; data reduction: SAINT (Bruker, 2014) ; program(s) used to solve structure: SHELXT (Sheldrick, 2015a); program(s) used to refine structure: SHELXL2014 (Sheldrick, 2015b) ; molecular graphics: DIAMOND (Brandenburg, 2014) ; software used to prepare material for publication: publCIF (Westrip, 2010) . where P = (F o 2 + 2F c 2 )/3 (Δ/σ) max < 0.001 Δρ max = 1.27 e Å −3 Δρ min = −1.10 e Å −3 Extinction correction: SHELXL2014 (Sheldrick, 2015b) , Fc * =kFc[1+0.001xFc 2 λ 3 /sin(2θ)] -1/4 Extinction coefficient: 0.00126 (9) sup-2 Acta Cryst. (2018). C74, 618-622
Funding information
Trilanthanum titanium pentabismuthide
Crystal data
Special details
Geometry. All esds (except the esd in the dihedral angle between two l.s. planes) are estimated using the full covariance matrix. The cell esds are taken into account individually in the estimation of esds in distances, angles and torsion angles; correlations between esds in cell parameters are only used when they are defined by crystal symmetry. An approximate (isotropic) treatment of cell esds is used for estimating esds involving l.s. planes.
Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (Å 2 )
x y z U iso */U eq La1 0.61818 (9) 0.0000 0.2500 0.0157 (2) Ti1 0.0000 0.0000 0.0000 0.0169 (10) Geometric parameters (Å, º) 
